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EXPERIMENTAL STUDY OF END EFFECT AND PRESSURE PATTERNS
IN HELICAL GROOVE FLUID FILM SEAL (VISCOSEAL)
by Lawrence P. Ludwig, Thomas N. Strom, and Gordon P. Allen

Lewis Research Center

SUMMARY

An experimental investigation was conducted on the pressure patterns in a viscoseal
consisting of a smooth rotor and a stationary helically grooved housing. The sealed fluid
was a mineral oil, and the investigation was within the laminar-flow regime (maximum
Reynolds number of 300). Results indicated that when the grooves communicated directly
with the pressurized cavity, an end effect, or ineffective seal length, was evidenced by a
sharp decay of pressure along the land leading edge. This end effect was eliminated by
incorporating a short dam which blocked direct communication of the groove with the
pressurized cavity. Measurements of pressure patterns within the viscoseal confirmed
existing theoretical predictions of linear pressure gradients and disclosed a method of
applying the theoretical pressure generation equation to determine wetted-seal length,

INTRODUCTION

Those designs of rotating machinery for generation of electrical power in outer space
which utilize shaft seals have two basic requirements, high seal reliability for 1 to 3
years of unattended operation and seal leakage rates of less than several pounds per year,
because of inventory limits (ref. 1) or contamination. For these operating requirements
the helical groove fluid film seal (hereinafter called the viscoseal) is a promising device
which has inherent long life and high reliability because of the absence of solid surfaces
in sliding contact. For example, it is potentially useful for sealing turbine loop fluids
(condensed vapors of alkali metals to 1800° R) employed in the Rankine cycle electric
power generation system (ref. 2).

The helical groove type of geometry was first used in pumping applications, and a
pump exhibited by Sir John Dewrance in 1920 was capable of a pressure generation of



689 Newtons per square centimeter (1000 1b/sq in.). Interest in this pump led to the de-
velopment of mathematical theories which were published in 1922 and 1928 (refs. 3 to 5).
Helical groove pump devices used in the extrusion of plastics were covered by a series
of papers (refs. 6 to 12) which treats the extrusion laminar flow process, pressure gen-
eration, and power absorption both theoretically and experimentally.

In a paper of major significance, Boon and Tal (ref. 13) developed a viscoseal theory
based on laminar flow. Their analysis included flow components neglected by others and
provided optimization of the geometries for maximum sealing capacity and minimum
power absorption.

Theoretical and experimental results for the laminar-flow regime have been pub-
lished by several authors (refs. 14 to 16). Experimental results for the turbulent-flow
regime with water and oils as test fluids were reported in reference 14,

Several authors (refs. 16 and 17) reported that the viscoseal had a certain ineffective
length at the high-pressure end of the seal. This has been called the end effect, and it
has been suggested (ref. 16) that this ineffective rotor length be subtracted from the cal~
culated wetted-seal length in order to compare theory and experiment. Muijderman
(ref. 18) derived theoretical pressure patterns for the spiral groove geometry on plane
surfaces and developed an analytical method of correcting for the end effect. However,
pressure patterns in the viscoseal and end-effect alterations of these patterns have not
been determined experimentally. Existing experimental data consist of average pressure
measurements (refs. 16 and 17) from which the existence of an end effect is deduced.
End-effect, or ineffective lengths Z;, ranging from 1. 340 centimeters (0. 528 in.) to
0. 304 centimeter (0. 120 in.) have been reported (refs. 16 and 17, respectively). Lengths
of these magnitudes are of considerable practical importance in the application of the
viscoseal to machinery in which length and weight are restricted.

The objective of this program is to study the pressure patterns in the viscoseal with
particular emphasis on the pattern near the seal end (end effect). These studies employ a
viscoseal having internal helical grooves in a stationary housing. Since, in the laminar-
flow regime, there is no difference between the sealing action of grooves in the housing and
that of grooves on a rotating shaft, the stationary grooves in the housing were chosen in
the interest of more convenient instrumentation. A mineral oil was used as the test
fluid, and the operating speeds provided studies in the laminar-flow regime to a maximum

Reynolds number of 300.

VISCOSEAL CONCEPTS

The three basic combinations of viscoseals (all having relative motion between shaft

and housing) are
(1) Smooth shaft and helically grooved housing (fig. 1(a))
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(2) Helically grooved shaft and smooth bore housing (fig. 1(b))

(3) Helically grooved shaft and helically grooved housing

The relative rotation of the shaft (rotor) within the housing tends to pump the liquid,
by viscous drag, back into the cavity, and a sealing condition is established when the
fluid is pumped back as fast as it tends to leak out. Therefore, a liquid-vapor interface
is established under sealing conditions (see fig. 1(a)), and a pressure gradient is de-
veloped from the ambient pressure at the interface to the cavity pressure (high-pressure
end).

The theory for the viscoseal is based on a full fluid film in the annulus formed by the
rotor and the housing. The thickness of this fluid film is much smaller than the circum-
ferential and axial lengths. Therefore, the theoretical problem can be reduced to one in
which the rotational motion is replaced by translational motion, and the cube in figure 2
represents an infinitesimal fluid particle in this film. Through application of Newton's
second law of motion, the component forces on the fluid particle are equated to the mass
and component accelerations to yield the Navier-Stokes equations (ref. 19):
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Figure 2. - Normal force component, ¢; shear force component T; velocity components in x-, y-, and z-directions,
respectively, u, v, andw. Infinitesimal fluid particle in viscoseal fluid film.
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where p is the unit mass density, u, v, and w are velocity components in the x-, y-,
and z-direction, respectively, t is time, and f;, f , and f, are externalforce compo-
nents per unit mass. The normal force components on the cube faces Opr © and o,
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In application to the viscoseal, the Navier-Stokes equations for laminar flow can be
considerably simplified, without significant error, by the following assumptions;
(1) There is no variation in pressure P in the direction defining film thickness;
therefore,

oP
oy



(2) No external forces act on the film; therefore,

(4) All velocity gradients are negligible when compared to 8u/dy and ow/dy

These preceeding assumptions eliminate from consideration the Navier-Stokes equa-
tion for the y-direction, and equations for the x- and z-directions are reduced to

19p_ 2%
B oox ayz
1P _ 2w
U 0z 8y2

Several authors (refs. 13 to 16) have derived the viscoseal pressure generation
capacity by applying these equations, which result from simplification of the Navier-
Stokes equations, to the viscoseal geometry. There is general agreement that the form
of the pressure generation equation is

_ 6pULG

CZ

P

where

P pressure at high-pressure end of seal

¢ absolute viscosity

U rotor peripheral velocity

L calculated wetted-seal length

G function of helical geometry, dimensionless

radial clearance

(]



TABLE 1. - COMPARISONS OF THE GEOMETRY FACTOR G

Reference Formula for G Calculated optimum groove geometry | Optimum
G
Z
r= g s=C%* h f=tan /
(a) Zg + Zt [
3
fr(l -r)(s -~ I){s" - 1
13 ( X )( ) 0.50 3.65 0.281 0.0912
2
(1 + fz)s3 + fzr(l -r) (s3 - 1)
14 m2(1 + m)'1
3
flie— Em- 0.50 3.78 0.395 0.1018
r(l - r)sinZ/ (E=1)
where E =1to 2.5
15 1 0.63 4.12 0. 250 0. 1160
2
Q+1) [1 +(4Q + l)mJ 1-0.630 [48’1('1/1') :\
m2 Q sin /
Zt -0.75
where n = 0.00531 (—)
c
3 .
-1)(s - 1 2(90 -
20 (S >( Jetn 2( /) 0.50 3.61 0. 244 0.0912
2
2 VA Z 2
(1 - s3) +28° [14+(—E —t+(s3 - 1) cos 2(90 - /)
Zt Zg

aRadial clearance, c; eccentricity factor, E; helix angle, / ; groove depth, h; groove width, Zg; land width, Zt;
m=c/h; Q= h/Zg.

Although there is agreement on the form of the equation, significant differences exist in
the derived expression for G; table I lists these expressions and the corresponding op-
timum groove ratios.

By theory (ref. 13) the pressure generation capacity of both viscoseal arrangements
(see fig. 1) are identical for the usual helical seal geometries. Also, for pressure gener-
ation, it is immaterial which element, shaft or housing, is rotating; however, practical
differences may exist in the leakage tendency because of inertial forces, seal orientation,
and surface energy forces.

APPARATUS AND PROCEDURE

Figure 3 shows a schematic drawing of the experimental apparatus and viscoseal
assembly. The rotor of the viscoseal is attached to the power input shaft, which is
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Figure 3. - Viscoseal and hydraulic system.

supported by externally pressurized gas journal bearings. Axial thrust due to sealed
fluid cavity pressure against the rotor is resisted by the externally pressurized gas
thrust bearing. The power input shaft is driven by a variable-speed electric drive and
step-up transmission. A magnetic pickup monitors the shaft speed. The viscoseal
housing is attached to a support shaft and roller bearing assembly, which permits axial
adjustment. A pump pressurizes the seal housing cavity and circulates a cooling fluid
flow from the reservoir, through a heat exchanger, to the test cavity and then back to the
reservoir. This cooling flow is necessary to control fluid film temperature in the visco-
seal. The steel rotors have a centerline average surface finish of 0.5 micron (20 pin.)
and are mounted within 0. 00508 centimeter (0, 0002 in.) of the total indicator reading.
The viscoseal housing is constructed from acrylic plastic and contains thermocouples
and pressure taps as shown in figure 4.

Pressure taps, in a line parallel to the axis, are located at groove edges and mid-
land and midgroove positions; pressure taps are also located near both edges along one
groove. Two sets of four pressure taps (90° apart) were used to aline the housing with
respect to the rotor within 0. 0102 centimeter (0. 0004 in.) as determined by calibration.
Thermocouples were located flush with the bore and groove root in a line parallel to the
axis and at each midgroove and midland position.

Figure 4 also gives the groove dimensions used in this evaluation. The housing had
o
a 5.082-centimeter (2. 001-in.) bore and a 14% helix angle. Groove widths of 0. 48 centi-

meter (0. 19 in.) and land widths of 0. 33 centimeter (0. 13 in.) were provided by using
five helix grooves (five starts). These geometric porportions, which are based on the
optimum relations given by reference 15, included a 0.038 centimeter (0.015 in.) groove
depth and a rotor radial clearance of 0.0127 centimeter (0. 005 in.).
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TABLE II. - VISCOSITY OF
The viscosity-temperature relations for the mineral oil

MINERAL OIL used were found to be the same before and after use in the test.

— These values can be found in table II.
Temperature | Viscosity,

Cs

°r | °Cc

RESULTS AND DISCUSSION
100 | 37.8 | 712

130 | 54.4 32.4

210 | 98.9 8.4 Figure 5 shows an experimentally determined pressure

pattern in a viscoseal composed of an internal helically grooved
housing and a smooth rotor arrangement, like that illustrated in figure 1(a). In a plane
orthogonal to the rotor centerline, the pressure increases across the groove (from point
A to B) in the direction of rotor rotation and decreases across the land (from point B

to C). The increase and decrease in pressure repeat for each groove-land pair and pro-
duce a saw-tooth pressure profile in the orthogonal plane. The pressure increases from
the low-pressure end (plane 3) to the high-pressure end (plane 1), and the pressure pat-
tern has a helical twist corresponding to the helical grooves.

The pressure gradients in the planes orthogonal to the rotor centerline are essen-
tially linear for axial positions not influenced by the end effects. Evidence of this linear
gradient is given in figure 6, which shows typical experimental results. These pressure
profiles are the same as those for the orthogonal planes shown in figure 5 except that a
single groove-land pair is unwrapped to form a plane figure. (Neglecting curvature is
not a significant error since the ratio of rotor radius to groove depth is 65 to 1.)

In these orthogonal planes, the ratio of pressure to cavity pressure P/P c increases
linearly over the groove and then decreases linearly over the land. This linear relation
was found to hold to the maximum test speed of 6000 rpm, which produced a Reynolds
number of 300 in the grooves. This saw-tooth pressure pattern agrees with the theo-
retical development given by Muijderman (ref, 18).

End Effect

When the helical grooves communicate directly with the pressurized cavity, the
pressure developed along the land leading edge decays sharply near the high-pressure
end of the seal. Typical results are shown in figure 7 for 1000 and 6000 rpm. The pres-
sure pattern at the end was essentially the same for the speed range investigated (1000
to 6000 rpm) except that the results for 5000 rpm (not shown) and 6000 rpm start to show
a slight shortening of the end-effect length. In all cases, the and-effect length was ap-
proximately equal to one-half the groove width. This suggests that end-effect length could
be taken equal to one-half groove width without significant error. The pressure decay

10
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(b) Rotational speed, 4000 rpm; average temperature of oil film, 58.9° C (138° F); temperature
change along film, 2,2° C (4° F); cavity pressure, 41.5 Newtons per square centimeter

(60.2 [b/sq in. absolute).
Figure 6. - Pressure gradients on planes orthogonal to z axis centerline,
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within the groove is due to the equalizationof the land leading- and trailing-edge pressure,
since a common pressure must exist in the cavity. Figure 8 shows the flow pattern at
the high-pressure end of the seal, which gives evidence of the pressure equalization
process. Considerable inflow from the cavity is apparent in the dye motion.

Figure 9 gives a comparison of end-effect pressure distribution with and without a
dam blocking groove communication with the pressurized cavity. When a short dam
0. 076 centimeter (0.030 in.) long was employed, the land leading-edge pressure did not
decay at the high-pressure end of the seal. It should be noted that, for equal cavity pres-
sures, the seal with an end dam provides a shorter wetted-seal length because the end
effect, or ineffective length, is eliminated. The radial clearance between dam and rotor
was the same as that between land and rotor. No attempt was made to arrive at an op-
timum dam length; when the dam length was reduced to 0. 038 centimeter (0. 015 in.),
however, a decay in pressure at the land leading edge was noted. Preliminary experi-
ments using water indicated dam lengths to 0. 380 centimeter (0. 150 in.) did not elimi-
nate the end effect.

Axial-Pressure Gradients

Figure 10 shows the pressure gradients that exist along the groove edges and at the
midgroove and midland positions. Data taken at 3000 and 4000 rpm are shown. In all
cases, the pressure gradients along the groove edges and at the midgroove and midland

14




Open to _—Land

~=Groove

Lol L— )\ —— ——Land leading edge
) \ | N | | T Land trailing edge

Cavit
) N o INED
\ \
\ L
AN " l AN N
2 N \ o
End of grooves \ - I_, Dam \ \
o \ A\ N N
5 0 N ‘ End of grooves \
a N I 1 1 N
5 (a) Rotational speed, 2000 rpm; average temperature of (b} Rotational speed, 2000 rpm; average temperature of oif film
=y oil fitm, 46° C (115° F); temperature change along 46° € (115° F); temperature change along oil film, 3° C
8 oil film, 4° C (7° F); cavity pressure, 30.4 Newtons (6% F); cavity pressure, 32.5 Newtons per square centimeter
® per square centimeter (44,1 Ib/sq in. absolute); (47.1 1b/sq in. absolute); with dam.
3 12 without dam.
2 .
) /
1.0 \/\ \ |\
1 A
NN VI
'\ ‘l\ N
.8 N ' N
N
\ _
YA LN
6 AN \ ! \\ \\
N N
~ \.

|
|

4 EAN | AN \V
| \
|
|
|

N
\
AN N
\ \
2 ™ \‘ N N
™\ NN
N N ~
0 . N \
0 .2 .4 .6 .8 1.0 0 .2 .4 .6 .8 1.0 1.2
Axial distance, Z, in.
| I [ | [ I | | I | | ! |
0 .51 1.02 1.52 2.03 2.54 0 .51 1.02 1.52 2.03 2.54 3.05
Axial distance, Z, cm
(c) Rotational speed, 5000 rpm; average temperature of (d) Rotational speed, 5000 rpm; average temperature of oil film,
oil film, 64° C (148° F); temperature change along 64 C (1489 F); temperature change along oil film, 6° C
oil film, 3° C (50 F); cavity pressure, 40,5 Newtons (10° F); cavity pressure, 37.0 Newtons per square centimeter
per square centimeter (58.8 [b/sq in. absolutel; (53.6 I/sq in. absolute); with dam.

without dam.

Figure 9. - Axial pressure gradients along helical groove edges.

15



12

Jcavity N
| ——— land leading edge

/l Midland and midgroove—|
1.0 AN AN

————— Land trailing edge

‘\
\ \ ‘\ \
| \ AN
‘\ ) N vy N
AY
8 \\ \\\ i \\ \\ \\
e N N N \
2 ANIANEN ANEANELN
N N N
5 \ \ \ N \ \
ol \ \
'g 6 N\ \ \\ \\\ \ N\
% \\ \ \ \\ \ \
> AN N, \ 3 \ N
g N ‘\ \ AN \ N\
& ~| p—Dam \ \
4 \ \\ \J \| \\
k \ \ N \ AN
\\. \ N _ \\ \
\ A (N 3
) AN \ AN NN
NN AN N\
\\ N N \
N\ | \.\ \\
—~End of grooves N 1 \
N
0 l A
0 .2 .4 .6 .8 0 .2 4 .6 .8
Axial distance, Z, in.
1 | I | 1 | l | J
0 .51 1.02 1.52 2.03 0 .51 1.02 1.52 2.03
Axial distance, Z, cm
(a) Rotational speed, 3000 rpm; average temperature of oil (b) Rotational speed, 4000 rpm; average temperature of oil
fitm, 520 C (126° F); temperature change along oil film, film, 57° C {134° F); temperature change along oil film,
30 C (6° F); cavity pressure, 34.5 Newtons per square 40 C (8 F); cavity pressure, 36.7 Newtons per square
centimeter (50.1 Ihsq in. absolute). centimeter (53.2 Ib/sq in absolute).

Figure 10. - Axial pressure gradients with dam blocking groove communication with pressurized cavity.

positions are linear and have a common slope which is defined by the pressure generation

equation

_ 6UuG

o2

e

The end effect and interface length, which are part of the overall seal length considera-
tions, are not included in this pressure generation equation and must be accounted for
separately. In the case of direct communication of grooves to the pressurized cavity,
the pressure gradient can be considered to apply to the pressure along the land trailing
edge without significant error (see fig. 11(a)). The actual wetted length is then obtained
by adding the interface length, which was observed to be approximately equal to the axial
width of one groove for the flow regime investigated (maximum Reynolds number in
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grooves was 300). In the case where the grooves are sufficiently blocked from direct
communication with the cavity, extension of the midgroove pressure gradient intersects
the cavity pressure. Therefore, the pressure generation equation can be considered to
apply to the midgroove axial pressure gradient, and the actual wetted-seal length is ob-
tained by adding the dam length and one-half of the interface length to the calculated seal
length (see fig. 11(b)). It should be pointed out that a scavenging and nonwetted-seal
length is also required in order to prevent the escape of fluid which breaks away from the
interface. Values of dimensionless factor G (table I) were not investigated.

SUMMARY OF RESULTS

Pressure patterns were studied for a viscoseal in the laminar-flow regime with a
mineral oil, and the following results were obtained:

1. For the condition of helical grooves in direct communication with the pressurized
cavity, the end effect is evidenced by a decay of land leading-edge pressure. ¥For opera-
tion with oil this end effect, or ineffective length, was eliminated by using a dam to block
the communication of the grooves with the pressurized cavity.

2. No significant change in end-effect length was noted over the speed range investi-
gated (Reynolds numbers of 50 to 300).

3. Circumferential pressure gradients in the plane of rotation (plane orthogonal to
z-axis) increase linearly across the groove and decrease linearly across the land. This
pressure pattern repeats for each groove-land pair and provides a saw-tooth pressure
profile around the circumference.

4. Actual wetted-seal length can be obtained by using the theoretical pressure gener-
ation equation to define (a) the pressure gradient along the land trailing edge, in the case
of direct communication between grooves and cavity, to which must be added the inter-
face axial length and (b) the pressure gradient along the midgroove position, in the case
where the grooves are sufficiently blocked from direct communication with the cavity, to
which must be added the dam length and one-half the interface length.
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